Spin-polarized ion scattering spectroscopy using an electron-spin-polarized 4 He + ion beam was developed as a novel analytical method of the element selective spin state at outermost surfaces. Spin-polarized He + ions were generated from the Penning ionization of metastable He 2 3 S1 atoms (He*), which were spin-polarized by optical pumping (OP). The spin polarization of He* (PHe*) was observed to be the highest with an OP radiation density of about 0.05 W cm -2 , and a further increase of the OP radiation density reduced PHe*. This decrease of PHe* is attributed to imperfect polarization of the OP radiation, hence optimization of the OP radiation density is essential to obtain He + ions with high spin polarization. As a result of this optimization, we successfully observed the spin dependence of the scattered He + ion yield on an Fe(100) surface exposed to an oxygen atmosphere.
Introduction
Spin arrangements at surfaces and interfaces are key questions in a wide range of disciplines related to surface magnetism. One of the major problems in investigating surface magnetism is the difficulty to selectively obtain information about surfaces by conventional analytical methods. To the best of our knowledge, there is currently no method for the analysis of element-selective spin states at outermost surfaces, despite such information being indispensable to obtain the magnetic structure at surfaces.
Very recently, we have shown a possible analysis for spin arrangements at outermost surfaces by spin-polarized ion scattering spectroscopy (SP-ISS) using an electron-spinpolarized 4 He + ion beam. 1 We briefly reported the elementselective spin state analysis at Fe(100) outermost surfaces exposed to an oxygen atmosphere in our first paper on SP-ISS. 1 In the present paper, SP-ISS is described in more detail with emphasis on the generation of spin-polarized He + ions. The spin-polarized He + ions are generated from Penning ionization of metastable He 2 3 S1 atoms (He*), which are spin polarized by optical pumping (OP). One of the important parameters in OP is the OP radiation density. The pumping rate is expressed as (σIOP)/(hvS), where σ is the photoabsorption cross-section, IOP is the total power of the OP radiation with energy hv, and S is the irradiation area of the OP radiation. Since the spin-polarized He + ions are generated from spin-polarized He*, higher spin polarization of He + (PHe + ) is obtained with a higher spin polarization of He* (PHe*). 2 The relationship between PHe* and the OP radiation density has not been reported, although the nuclear polarization of 3 He as a function of the OP radiation intensity has been investigated by Nacher et al. 3 In the present study, the relationship between PHe* in an active discharge and the OP radiation density is discussed from an analysis of the rate equations of OP. We found that PHe* decreased as the OP radiation density increased in the range above 0.05 W cm 2 . As a consequence of optimizing the OP radiation density, we demonstrated an element selective spin state analysis on an O/Fe surface in the present study.
Experimental

SP-ISS
The central component for the generation of electron spinpolarized 4 He + ions is Penning ionization of spin-polarized metastable He 2 3 S1 and 2 1 S0 atoms (He*) 4 :
He* + He* ⎯ → He + + He 0 + e -.
We employed an optical pumping (OP) technique, using the D0 line of 1083 nm radiation (He 2 3 S1 → 2 3 P0), for the spin polarization of He* in an active discharge. 5, 6 The spin angular momentum is conserved in Penning ionization; 7, 8 thus, if He* atoms are spin polarized by OP, spin-polarized He + ions are generated. It is noted that Penning ionization is possible when the total spin of two He* atoms involved in Penning ionization is equal to 1, 0, or -1. If He* atoms are spin polarized parallel to each other, the absolute value of the total spin of the reactant is 2, whereas those of the final products do not exceed 1. Thus, the Penning ionization process is forbidden when two He* atoms are spin polarized parallel to each other. All of these processes of generating spin-polarized He + ions, i.e., the generation of He*, the spin polarization of He* by OP, and the Penning ionization of spin-polarized He*, took place simultaneously in the discharge bulb (Fig. 1) . The discharge bulb for generating He* was made from Pyrex glass, and was welded to a conflate flange. The bottom of the discharge bulb had a horn-like shape to prevent the internal reflection of the OP radiation from depolarizing the optically pumped He*. We generated a He plasma by a capacitively coupled 13.56 MHz RF discharge in the bulb. The typical He gas pressure in the bulb and the RF power were 20 Pa and 1 W, respectively.
The OP radiation was provided by an ytterbium-doped fiber laser (Keyopsys KPS-BT2-YFL-1083-FA) via an ytterbiumdoped fiber amplifier (Keopsys KPS-BT2-YFA-1083-200-COL). The line width of the OP radiation was 1 -2 GHz. The wavelength of the 1083 nm seed light from the fiber laser was precisely tuned to the D0 line. On the other hand, in the discussion concerning the density of He* and PHe* in an active RF discharge, we used the D1 line (He 2 3 S1 → 2 3 P1) for OP. This is because the density of He* and PHe* were estimated by measuring the attenuation of laser light tuned to the D0 line passing through the discharge. Briefly, the He* density in each magnetic substate was estimated by measuring the attenuation of circularly and linearly polarized probe laser beams, which were tuned to the D0 line, by an active discharge. Details of the method for measuring the densities of He* and PHe* in an active discharge are described elsewhere. 9 Thus, if the D0 line is also used for OP, stimulated emission affects the measurement of the density of He* and PHe*, whereas we can avoid such an effect by using a different line of the 1083 nm radiation, such as the D1 line.
In OP using the D0 line, almost half of the output from the fiber amplifier passed through the beam splitter, and then it became right-hand circularly polarized (RHCP) or left-hand circularly polarized (LHCP) by a quarter-wave plate. This RHCP or LCHP laser beam was aligned to be parallel to the magnetic field (∼1 Gauss) generated by a coil placed just around the bulb, which defined the quantization axis (not shown in Fig. 1 ). The other half of the laser output was linearly polarized with the polarization axis parallel to the magnetic field.
The spin-polarized He + ions were extracted into the beam line, which consisted of three Einzel lenses, four electrostatic deflectors, and a decelerator (Colutron Model 400) to transport them to a sample while maintaining their spin polarization. 5 Any steep change of the magnetic field was avoided along the beam line to minimize depolarization of the spin-polarized He + ions during transport. For instance, all electrodes in the beam line were made of copper to avoid remanent magnetization. The working pressure in the main chamber was 5 × 10 -7 Pa with a gas pressure of 20 Pa in the discharge bulb. The beam line was deflected by 3˚ to eliminate neutral particles contained in the beam, such as photons, fast He 0 neutrals, and He*. The sample was pulse magnetized in-plane by a retractable pulse magnet placed in the main chamber prior to SP-ISS measurements. The magnetization direction was parallel to the Fe[010] easy axis of the bcc-Fe. During SP-ISS measurements, the magnetic field was aligned to be parallel to the magnetization of the sample at the sample position. Both the incident and exit directions of the He + ions were perpendicular to the magnetization, and thus the scattering plane contained the surface normal.
The SP-ISS spectra were obtained using a rotatable hemispherical sector analyzer (Omicron SHA50) with a power supply that we constructed. The measurements were made in a constant pass energy mode with a pass energy of 318 eV. The SP-ISS spectra for the two opposite spins of the He + ions (i.e., up and down spins) were alternately measured more than 100 times to eliminate the effect of changes with time. The signals were accumulated separately for the up and down spin-polarized He + ions using two multi-channel scalers controlled by a personal computer. The spin directions of the He + ions were controlled by the polarization of the OP radiation (RHCP or LHCP) using a wave plate placed between the beam splitter and the discharge bulb.
Sample preparation
We grew iron(100) films on MgO(100) single-crystalline substrates by the vapor deposition of iron (purity 99.99%) using an electron beam evaporator (Omicron EFM3T) at room temperature followed by annealing at about 700 K for 10 min. The base pressure of the main chamber was 5 × 10 -11 Torr, and the pressure remained on the order of 10 -11 Torr during deposition after degassing the evaporator. Under these growth conditions, we confirmed that bcc-Fe films were grown epitaxially with the orientation relationship Fe(100)//MgO(100) and Fe[110]//MgO[100] by reflection high-energy electron diffraction (RHEED). 10 We exposed the Fe(100) films to an oxygen atmosphere at room temperature. An Fe(100)-p(1 × 1)O surface was prepared by exposure to an oxygen atmosphere of 30 Langmuir (L: 1 L = 10 -6 Torr s) at room temperature followed by annealing at 900 K. 11 Figure 2 shows the density of He* in an active RF discharge as a function of the OP radiation density for two cases of the He pressure in the discharge bulb. It was observed that the density of He* monotonically decreased as the OP radiation density increased. This decrease of the He* density is due to population transfer to He 2 3 P atoms with higher OP radiation density. Under various intensities of the OP radiation, the sum of the He* and He 2 3 P atom populations are almost constant in the steady state of discharge. 2 It is noted that the dipole transition between 2 3 S1 and 2 3 P is close to the circumstance of a two-level system, because decay into 1 1 S0 from this system is forbidden. Figure 3 shows PHe* as a function of the OP radiation density for two cases of the He pressure in the discharge bulb ( than that of 46 Pa. This is principally due to the depolarization effect by radiation trapping. Briefly, unpolarized radiation emitted in the spontaneous decay of optically pumped He 2 3 P atoms is absorbed by the surrounding He* in radiation trapping. Thus, the radiation trapping acts as one of the depolarization effects for polarized He*. In our former study, we observed that the depolarization of He* by radiation trapping becomes remarkable as the He* density increases. 6 The He* density of 46 Pa is larger than that of 19 Pa, as shown in Fig. 2 . 5 The rate equations of OP for He* using the D1 line with circular polarization are written as follows:
Results and Discussion
In Eq. (1), y1, y2, y3, z1, z2, and z3 denote the population of He* with a magnetic sublevel of +1, 0, -1 and He 2 3 P1 atoms with a magnetic sublevel of +1, 0, -1, respectively. 1/τp, 1/τ, 1/τr are the pumping, spontaneous decay, and relaxation rate, respectively, where 1/τ is 1.022 × 10 7 s. 3 ε is the fraction of OP radiation with left-hand circular polarization (LHCP) to the total radiation for OP; thus, the ratio of the OP radiation intensity with LHCP to that of right-hand circular polarization (RHCP) is ε/(1 -ε). It is assumed that each population is relaxed towards the thermal-equilibrium states as described in the final terms on the right sides of Eq. (1) for y1, y2, and y3. 3 In the steady state, all derivatives vanish, and consequently, all variables (y1, y2, y3, z1, z2, and z3) are obtained. Then, PHe*, defined as (y1 -y3)/(y1 + y2 + y3), is finally expressed as
In Fig. 3 , it was observed that PHe* steeply increased as the OP radiation density increased, and had a maximum at about 0.05 W cm -2 for both 19 and 46 Pa. A further increase of the OP radiation density caused a decrease of PHe*. These behaviors of PHe* are fitted using Eq. (2) in Fig. 3 , where the fitting parameters were αp (≡ τp ×(OP radiation density)), τr, and ε. The broken lines show PHe* with perfect polarization of the OP radiation, i.e. ε is 0 or 1. The decrease of PHe* is apparently due to imperfect polarization of the OP radiation, where the fraction of the OP radiation density with LHCP (or RHCP) to the total OP radiation is estimated to be less than 1% by the present least-squares fitting. Even the fraction is so small, the depolarization effect by the imperfect polarization of the OP radiation is obvious, and therefore, the importance of the polarization of the OP radiation for generating of spin-polarized He + ions is indicated. In practice, the LHCP/RHCP fraction can not be zero due to, for example, a slight miss-alignment of the optical components, and perfect polarization is not obtainable, and hence the optimum OP radiation density should be determined to acquire the highest He + polarization. It is noted that the pumping rate obtained from the fitting in the present study is much larger than that derived by Courtade et al., 12 although a precise comparison is difficult because the linewidth of the OP radiation is unknown in the range 1 -2 GHz in the present setup. A possible explanation for this discrepancy may be radiation trapping. In Eq. (1), the relaxation probability is assumed to be simply in proportion to the deviation from the thermal-equilibrium states. However, this assumption may be not varied any more if a substantial contribution from radiation trapping should be taken into account, as shown for OP of alkali-metal vapor by Tupa et al. Concerning the absorption structure of oxygen on an Fe(100) surface (Fe(100)-p(1 × 1)O), the present study supports past reports that oxygen adatoms are located on top of iron atoms of the second surface layer.
14,15 Figure 5 shows a structure analysis of the Fe(100)-p(1 × 1)O surface by incidence angle scan measurements. The intensity variation of the He + ions scattered from iron is plotted as a function of the incidence angle along the Fe[110] azimuth in Fig. 5 .
The incidence angle measurements were made both on an Fe(100) clean surface and an Fe(100)-p(1 × 1)O surface. The structures labeled as (i) -(iv) are due to either the focusing or shadowing effect. The structure (i) is due to a focusing effect from iron atoms at the outermost layer to those at the outermost layer, which becomes unobvious on Fe(100)-p(1 × 1)O. According to these past reports, 14, 15 the disappearance of the structure (i) is attributed to a shadowing effect by the oxygen adatoms on top of the iron atoms of the second surface layer. On the other hand, the decrease of the intensity at (ii) observed both on Fe(100) and Fe(100)-p(1 × 1)O is due to the shadowing effect. The remarkable difference between Fe(100) and Fe(100)-p(1 × 1)O was observed at (iii) and (iv), where peak (iii) observed on Fe(100) disappears on (Fe(100)-p(1 × 1)O) with the appearance of a new peak (iv). These two peaks originate from focusing effects whose relationship between the atomic arrangement and the shadow cones are drawn in Fig. 5(b) . The shadow cones were calculated using the Thomas-Fermi-Moliere potential. 16 Peak (iii) is due to the focusing effect from iron atoms at the outermost surface to iron atoms at the second layer. On the other hand, peak (iv) is due to the focusing effect from oxygen adatoms to iron atoms at the second layer. Thus, the present result supports the former reports concerning the absorption sites of oxygen. Figure 6 shows SP-ISS spectra obtained on an Fe(100) surface exposed to an oxygen atmosphere of 6 L. The intensity of SP-ISS is defined hereafter as I↑ -I↓, where I↑ (I↓) is the scattered ion yield with the incident ions polarized parallel (anti-parallel) to the majority spin. The incident angle and scattering angle were 0˚ and 145˚, respectively, as shown in the inset. It was observed that the SP-ISS shows a substantial negative value at both peak positions of iron and oxygen. Thus, the spin dependence of the scattered ion intensity is clearly indicated.
This spin dependence arises from the spin dependence of the neutralization probability of incident ions. neutralization (AN)). 17 In AN, one surface electron fills the 1s hole of the He + ion, subsequently exciting another surface electron by the energy released in the transition. It is noted that the spin of a surface electron filling the hole in the He + ion 1s orbital should be anti-parallel to that of the He + 1s electron according to the Pauli exclusion principle. 18 This is the origin of the spin dependence of the ion neutralization probability observed in the present study. The reionization process of He + ions is negligible on Fe surfaces. 19 The SP-ISS intensity normalized by the total ISS counts, i.e. (I↑ -I↓)/PHe + ·(I↑ + I↓) is the so-called spin asymmetry. PHe + is defined as (Iup -Idn)/(Iup + Idn), where Iup and Idn are the numbers of the incidence He + ions polarized parallel and anti-parallel to the majority spin of the sample, respectively.
From the present SP-ISS measurement, we obtain spin asymmetries of -1.2 ± 0.5% for iron (1300 -1322 eV) and -1.7 ± 1.0% for oxygen (670 -684 eV). The uncertainty of the spin asymmetry corresponds to the statistical error (P -1
He + ·I -1/2 ). As discussed in our previous paper, 1 SP-ISS is a method that most sensitively detects the spin state of occupied levels close to the Fermi level. The spin asymmetry reflects the surface spin where the incident ion is neutralized. The negative spin asymmetry of iron is most likely due to the dominance of minority spin compared with majority spin at the Fermi level. 1, 18 On the other hand, the negative spin asymmetry of oxygen suggests that negative spin is induced in the electronic structure of oxygen close to the Fermi level.
These discussions concerning the spin asymmetries of SP-ISS are based on the approximation that ion neutralization takes place in the collision process and neutralization along the trajectory is negligible. This approximation is based on the significant difference of the spin asymmetries between iron and oxygen observed in our former study. 1 The spin asymmetry at the peak position of iron should be comparable with that of oxygen if the spin dependence of ion neutralization reflects the averaged spin state along the ion trajectory.
However, the importance of the ion neutralization along the ion trajectory has sometimes been recognized. The importance of ion neutralization along the ion trajectory depends on the target materials, which limits the element selectivity of SP-ISS. In this context, the target material with localized electronic states, which is responsible for the magnetism, may be adequate for SP-ISS. Conversely, an element selective discussion might be difficult in itinerant systems.
Further systematic investigations on various samples by SP-ISS are demanded.
The magnetic properties of surfaces have been widely studied in terms of their reduced coordination. The determination of spin arrangements restricted to the top-most surfaces is important in many disciplines related surface magnetism, but it is difficult to achieve by conventional magnetic analysis. One of the major problems in investigating surface magnetism by conventional analysis is a difficulty to selectively obtain information about surfaces by conventional analytical methods. There is currently no method for analyzing the elementselective spin state for specific atomic layers within a few outermost surface layers, despite such information being indispensable to obtain the magnetic structure at surfaces. SP-ISS may give new insights into magnetic structure at surfaces and interfaces.
Conclusion
SP-ISS, using electron-spin-polarized 4 He + ions, was developed as a novel analytical method for spin arrangement (magnetic structure) at surfaces and interfaces. It was observed that the polarization of OP radiation, which is used to generate spinpolarized He + ions, greatly affected PHe + especially in the high density range of OP radiation. Therefore, it is indicated that the optimal radiation density of OP radiation should be determined to obtain the highest PHe + . From this optimization of the OP radiation density, the spin dependence of the scattered ion yield was clearly observed on an O/Fe surface.
